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This  investigation  was  conducted  by  the  Metallurgy  Branch,  Materials  Systems  and 
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gineering Materials.”  The  OCE  Technical  Monitor  was  1.  A.  Schwartz. 
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G.  Kim.  Dr.  R.  Quattrone  is  Chief  of  the  Metallurgy  Branch,  and  Dr.  W.  E.  Fisher  is 
Acting  Chief  of  MS.  COL  M.  D.  Remus  is  Commander  and  Director  of  CERL  and  Dr.  L. 
R.  Shaffer  is  Deputy  Director. 
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142  Center  of  AX-l  10  Wold  ('harpy  Specimen  Tested  at  -83%,  4000,\  94 

143  Edge  of  an  AX-l  10  Weld  Charpy  Specimen  Tested  at  83%',4000x  95 

144  Fracture  Surface  of  AX-l  10  Weld  Charpy  Specimen  Tested  at  or  Above  -18%', 

4250x  95 

145  Tensile  Fracture  Surface  of  AX-l  10  Weldment  Containing  LOR,  8.x  96 

146  LOR  Region  on  Tensile  Fracture  Surface  of  AX-l  10  Weldment,  Located  in  Center 

of  Specimen,  250x  96 

147  Transition  Region  on  Tensile  Fracture  Surfuee  of  AX-l  10  Weldment,  1900x  97 

148  Elongated  Dimples  on  Tensile  Fracture  Surface  of  AX-l  10  Weldment,  4600.x  97 

149  Eijuiaxed  Dimples  on  Tensile  Fracture  Surface  of  AX-l  10  Weldment,  4600x  98 

1 50  Tensile  Fracture  Surface  of  AX-l  10  Weldment  Containing  LOR  and  LOF,  8x  98 

1 5 1 LOP  Region  on  Tensile  Fracture  Surface  of  AX-l  10  Weldment , SOOx  99 

152  LOF  Region  on  Tensile  Fracture  Surface  of  AX-l  10  Weldment,  260x  9‘> 

1 S3  Region  Away  From  Defects  on  AX-l  10  Weldment  F»aeUre  Surface,  4000*  1 00 
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Number  P®9® 

1 54  Tensile  Fracture  Surface  of  AX-1 10  Weldment  Containing  Porosity,  8x  100 

155  Interior  Surface  of  Pore,  2500x  101 

156  Fracture  Surface  Away  From  Porosity  Defects,  3500x  101 

157  Fatigue  Fracture  Surface  of  an  AX-1 10  Weldment  Containing  LOP,  8x  102 

158  Fatigue  Region  of  Fracture  Surface  of  AX-1 10  Weldment  Containing  LOP, 

1700x  102 

1 59  Tensile  Overload  Region  of  Fatigue  Fracture  Surface  of  AX-1 10  Weldment 

Containing  LOP,  3 250x  103 

160  Fatigue  Fracture  Surface  of  AX-1 10  Weldment  Containing  Porosity,  lOx  103 

161  Fatigue  Initiation  Site  on  Fracture  Surface  of  AX-1 10  Weldment  Containing 

Porosity,  50x  104 

162  Fatigue  Region  of  Fracture  Surface  of  AX-1 10  Weldment  Containing 

Porosity,  1380x  104 

163  Tensile  Overload  Region  of  Fracture  Surface  of  AX-1 10  Weldment 

Containing  Porosity . 1 380x  1 05 

164  F aliguc  Fracture  Surface  of  a Hydrogen-Embrittled  AX-l  10  Weldment 

Containing  Porosity,  8x  105 

165  Stereo  Micrograph  of  Fatigue  Regiun  of  Hydrogen-Embrittled  AX-l  10 

Weldment  Containing  Porosity,  120x  106 

166  Origin  of  Fatigue  Failure  in  Hydrogen-Embrittled  AX-l  10  Weldment 

Containing  Porosity,  1 20k  106 

167  Tensile  Overload  Region  in  Hydrogen-Embrittled  AX-l  10  Weldment 

Containing  Porosity,  lQOOx  107 

168  Fatigue  Fracture  Surface  of  Temper-Embrittled  AX-l  10  Weldment 

Containing  LOP,  8x  107 

169  Origin  of  Failure  of  Temper-Embrittled  AX-l  10  Weldment  Containing  LOP, 

1 4()0x  108 

1 70  Secondary  Origin  of  Fatigue  Failure  of  Temper-Embrittled  AX-l  10 

Weldment  Containing  LOP,  70s  108 

1 7 1 Fatigue  Siriutioits  on  Fracture  Surface  of  Temper-Embrittled  AX-l  10 

Weldment  Containing  LOP,  1400s  109 

1 72  Elongated  Dimples  on  Shear  Up  of  ''^etuio  Surface,  3500s  109 


FRACTURE  CHARACTERISTICS  OF 
STRUCTURAL  STEELS  AND  WELDMENTS 

1 INTRODUCTION 

Objective 

The  objective  of  this  study  was  to  use  a scanning 
electron  microscope  (SF,M)  to  e"*iblish  and  character- 
ize the  nature  of  fractures  in  engineering  materials. 
This  information  should  result  in  more  efficient  use 
of  the  materials  and  aid  in  understanding  and  minimi- 
zing their  embrittlement.  In  addition,  documenting 
the  types  of  fracture  modes  will  form  the  basis  for 
analyzing  in-service  failure  and  help  prevent  similar 
failures  in  other  applications. 

Approach 

The  fracture  characteristics  of  a low-carbon  steel 
(ASTM  A-36),  two  martensitic  steels  (ASTM  A-S17, 
also  known  as  USS  T-l,  and  HY-130),  and  high- 
strength  steel  weldments  with  and  without  induced 
defects  were  analyzed.  The  materials  were  fractured 
under  tensile,  fatigue,  and  impact  loading  conditions. 
The  effects  of  hydrogen  and  temper  embrittlement  on 
the  materials'  behavior  when  fractured  under  tensile 
and  fatigue  conditions  were  investigated. 

Background 

Fraetun!  af  Steels 

Fracture  surface  features  can  Ire  divided  into  two 
categories  according  to  the  fracture  propagation  path 
transgranular  (through  the  grains)  or  Intergmular 
(around  the  grains),  in  the  transgranular  fracture  path 
category,  fractures  can  occur  by  void  coa'jscence, 
rupture,  cleavage,  or  fatigue.  Fractures  hi  the  inter' 
granular  fracture  path  category  occur  by  grabi  bound • 
ary  separation  either  with  or  without  microvoid  coalcs' 
cen  se.  Illustrations  of  these  typical  types  of  fracture 
are  shown  in  Figures ) through  t>  as  discussed  below. 

Many  common  structural  metals  fracture  under 
mmwtonic  load  in  a ductile  fashion  by  mtetovoid 
coalescence.  Hie  microvohh  may  be  nucleated  at  grain 
boundaries,  second-phase  particles,  or  other  sites  where 
strain  discontinuities  exist.  As  an  applied  load  increases 
stress,  the  rnicrovoids  grow,  coalesce,  ansi  eventually 
form  a continuous  fracture  surface  which  cxiubits 
numerous  cup-tike  depressions  called  “dimples” 

The  shape  of  these  dimples  is  strongly  influenced  by 
the  orientation  of  the  major  stress  axis.  Fquiaxcd 
dimples  (Figure  1 ) result  urkder  local  conditions  of  uni- 


axial tensile  stress,  while  elongated  dimples  (Figure  2) 
result  front  failure  caused  by  shear  stress  when  the  steel 
is  stressed  at  a temperature  above  transition,  and  the 
shear  component  of  the  applied  load  is  sufficiently 
large  to  overcome  the  shear  strength  of  the  material. 
Dimple  size  appears  to  depend  on  the  number  of  frac- 
ture nucleation  sites  and  the  relative  plasticity  of  the 
metal.  If  many  fracture  ideation  sites  initiate  micro- 
voids prior  to  rupture,  «v  ,rovoid  growth  is  limited  due 
to  intersection  with  o,her  microvoid  surfaces.  As  a 
result,  numerous  small,  relatively  shallow  dimples  are 
formed.  However,  if  only  a few  rnicrovoids  are  initiated 
prior  to  rupture,,  , resulting  dimples  are  large  and  deep. 

Cleavage  fr  -lures  (Figure  3)  usually  occur  along 
well-defined  ciystallographic  planes  within  a grain.  In 
poiyerystallinc  metals,  a cleavage  fracture  propagating 
through  iv. c grain  may  have  to  change  direction  as  it 
crosses  subgrain  boundaries  or  passes  from  one  grain  to 
another.  The  change  in  orientation  between  grains  and 
the  in. perfections  within  grains  usually  produce  easily 
distinguished  markings  on  the  fracture  surface.  A cleav- 
age  fracture  propagating  across  grain  or  tilt  boundaries 
fi  rms  arrays  of  cleavage  steps  or  "river  patterns.” 
These  river  patterns  are  rootlike  networks  of  cleavage 
facets  propagating  on  different  levels,  which  converge 
at  the  site  of  fracture  initiation.1 

Quasi -cleavage  (Figure  4)  is  a fracture  mode  which 
resembles  cleavage  In  that  it  produces  planar  or  nearly 
planar  fracture  facets;  however,  these  facets  are  not 
parallel  to  the  metal's  normal  cleavage  planes. 

Fatigue  fracture  results  from  stepped  progression  of 
a crack  due  to  application  of  a cyclic  load.  The  mecha- 
nism of  fatigue  crack  nudeatton  is  believed  to  Involve 
slip  plane  fracture  caused  by  repetitive  reversing  of  the 
operative  slip  systems  hr  the  metai 3 Crack  growth 
caused  by  repetitive  loading  usually  results  hi  a fracture 
surface  which  exhibits  chsscly  spaced  fatigue  solatium 
(Figure  5).  Each  fatigue  vitiation  represents  the  ad- 
vance of  a crack  front  during  one  loading  cycle  after 
initiation  of  fracture,  lire  vitiations  may  be  absent  or 
differ  in  appearance  depending  on  such  variables  as 
type  of  material,  level  and  frequency  of  applied  stress, 
and  environment , 

'r.  Hernia.  Cdmfttexee  on  t'rceture,  Sendai. 

Japan  (t%S);arvd  l.K.t.ow.Jn.tt.L.  Averbaeb, et  al.,Fiuerwt? 
(John  Wiley.  1959).  p 163. 

3t*.l.K.  forayth,  “Fatigue  Hamate  and  Crack  (Itow-rh  In 
Aluminum  Alloys” ACTS  3fftt0ur*rce.  Vol  II.  (19631  p 703; 
and  t.\  laud  and  U.C.  Smith,  "Track  Propagation  in  HifbSltwJ 
Fatigue, Vol  2,(t962),p  W7. 
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Intergranular  fracture  resulting  from  grain  boundary 
separation  often  results  from  segregation  of  impurity 
atoms  along  the  grain  boundaries  (Figure  6).  This 
segregation  causes  the  grain  boundaries  to  be  extremely 
weak  and  brittle  so  an  advancing  crack  needs  very  little 
energy  to  propagate  along  them.  The  surfaces  of  each 
block-like  structure  are  the  grain  boundaries  of  the 
pnor  austenite  phase.  The  basic  difference  between 
grain  boundary  separation  with  and  without  microvoid 
coalescence  is  that  dimples  appear  on  the  fracture  sur- 
face w'th  microvoid  coalescence.  Intergranular  fracture 
without  microvoid  coalescence  frequently  results  when 
steel  has  been  hydrogen-  or  temper-embrittled. 

Hydrogen  Embrittlement  of  Steel 

Since  hydrogen  can  easily  be  introduced  into  metals 
by  melting,  casting,  welding,  corrosion,  and  electroplat- 
ing, hydrogen  embrittlement  has  received  considerable 
attention.3  Most  investigations  of  hydrogen  embrittle- 
ment have  been  performed  under  sustained-load  or 
slow  strain  rate  tensile  test  conditions.  Research  pub- 
lished on  the  behavior  of  hydrogen  embrittlement  un- 
der cyclic  load  conditions  is  limited. 

The  degree  of  embrittlement  generally  increases 
with  increasing  hydrogen  content  and  tensile  strength 
of  iron-base  alloys.  Thus,  hyurogen  embrittlement  is  a 
greater  problem  with  high-strength  steels  which  have 
been  exposed  to  hydrogen  environments  or  contain 
hydrogen.  The  effect  of  hydrogen  embrittlement  is  a 
sharp  loss  in  ductility;  this  loss  is  most  severe  at  room 
temperature  and  decreases  with  decreasing  temperature 
and  increasing  strain  rate.  Reductions  in  fatigue  life  of 
steels  due  to  electroly  tically  hydrogen-charging4  or 
testing  in  a hydrogen  atmosphere5  have  also  been  re- 
ported. The  mode  of  failure  of  a hydrogen  embrittled 


3P.  Cottcrill,  "The  Hydrogen  Embrittlement  of  Metals," 
Progressive  Materials  Science,  Vol  9,  No.  4 (1961);  A.S.  T*el- 
man  and  A.J.  McEvily,  Jr.,  Fracture  of  Structural  Materials 
(John  Wiley,  1967);  I.M.  Bernstein,  “The  Role  of  Hydrogen  in 
tS<e  Embrittlement  of  Iron  and  Steel,”  Materials  Science  and 
Engineering,  Vol  6,  No.  1 (1970),  pp  1-19;  W.  Reck,  E.J. 
Jankowski,  and  P.  Fisher,  Hydrogen  Stress  Cracking  of  High- 
Strength  Steels,  NADC-MA-7140  (Naval  Air  Development 
Center,  1971);  and  Hydrogen  Embrittlement  Testing,  ASTM 
STP543  (American  Society  for  Testing  and  Materials  [ASTM1 , 
1974). 

4G.  Schwen,  G.  Sachs,  and  K.  Tonk,  ASTM  Proceedings, 
Vol  57  (1957),  pp  682-697;  W,  Beck,  Electrochemical  Tech- 
nology, Vol  2 (1964),  pp  74-78;  and  J.D.  Harrison  and  G.C. 
Smith,  British  Welding  Jourml,  Vol  14  (1967),  pp  493-502. 

SW.A.  Spitr.ig,  P.M.  Talda,  and  R.P.  Wei,  “Fatigue-Crack 

Propagation  and  Fractographic  Anulysis of  18  Ni  (250)  Maiaging 

Steel  Tested  hi  Argon  and  Hydrogen  Environments,  Engineering 

Fracture  Mechanics,  Vol  1 (1968)  pp  155-165. 


sample  depends  on  such  variables  as  type  of  material, 
method  of  loading,  and  environment. 

Many  theories  concerning  the  mechanism  of  hydro- 
gen embrittlement  have  been  proposed.  Unfortunately, 
none  has  been  able  to  account  for  more  than  half  the 
experimental  results.  The  first  hydrogen  embrittlement 
theory,  proposed  by  Zaffe,6  was  based  on  atomic  hy- 
drogen diffusing  through  the  metal  lattice,  precipitating 
in  internal  voids  as  molecular  hydrogen,  and  creating 
high  pressures.  It  was  assumed  that  high  pressures  in 
the  voids  combined  with  the  externally  applied  stress 
to  fracture  the  met..i.  Diffusion  of  hydrogen  to  the 
voids  could  explain  the  strain  rate  and  temperature  de- 
pendence of  hydrogen  embrittlement.  However,  this 
theory  requires  a regular  array  of  pre-existing  internal 
voids  along  which  the  hydrogen-charged  sample  can 
fracture,  a requirement  that  is  inconsistent  with  the 
results  of  studies  delineating  the  structure  of  hydrogen- 
embrittled  steels.7 

Petch8  rejected  the  idea  that  cracking  is  propagated 
by  internal  hydrogen  pressure.  He  suggested  that  ad- 
sorption of  hydrogen  on  the  surfaces  of  microcracks 
or  voids  lowers  the  surface  free  energy,  thus  also  lower- 
ing the  energy  needed  for  crack  propagation.  He  fur- 
ther suggested  that  although  plastic  deformation  may 
produce  many  disconnected  microcracks,  they  do  not 
reduce  fracture  sfiess  significantly  in  the  absence  of 
hydrogen.  .However,  when  hydrogen  is  present,  it  dif- 
fuses into  the  region  of  the  advancing  tip  and  is  ad- 
sorbed on  the  surfaces  of  the  ciack,  thereby  reducing 
the  energy  required  to  propagate  the  crack. 

Troiano9  has  proposed  that  hydrogen  which  is  even- 
ly distributed  throughout  thu  metal  lattice  is  harmless 
because  its  concentration  is  so  small.  The  critical  factor 
is  the  segregation  of  hydrogen,  under  an  applied  stress, 
to  regions  of  triaxial  stress  near  pro-cxisting  voids  in 
the  steel;  thus  only  hydrogen  in  the  stressed  region  of 
the  lattice  is  responsible  for  hydrogen  embrittlement. 
Also,  sinco  hydrogen  embrittlement  is  observod  in 
transition  metals  having  vacarcios  in  the  third  subsiu.ll, 


4C.A.  Zaffe,  Journal  of  iron  and  Steel  Institute,  Vol  154, 
No.  123  (1946). 

7A.S.  Tetolman  and  A.J.  McEvily,  lt„ Fracture  of  Structural 
Materials  (John  Wiley,  1967), 

8N.J.  Petch,  “The  Duotllo  Fraturo  ofPolycrystaUlno-lron," 
Philosophical  Magazine,  Vol  1 (1956),  pp  186-191. 

9A.  Troiano,  “Tho  Role  of  llydrogon  and  Other  Inter- 
stitials In  the  Mechanical  Behavior  of  Metals,”  Transactions  of 
The  American  Society  for  Metals  (ASM),  Vol  52  (I960),  p 52. 
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Troiano  hypothesizes  that  hydrogen  in  the  stressed  re- 
gion of  the  atomic  lattices  ne;  r the  voids  gives  up  its 
electrons  to  the  third  subshelis  of  the  host  atoms, 
filling  the  vacancies  in  the  third  band,  and  thereby 
decreasing  the  binding  energy  or  cohesiveness  of  the 
atoms  in  the  lattice  in  this  region.  One  flaw  in  this 
theory  is  that  specimens  slowly  cooled  from  a hydro- 
gen atmosphere  or  cathodically  charged  at  room  tem- 
perature contain  cracks  even  without  externally  ap- 
plied stress.  The  supposition  that  hydrogen  segregates 
to  stressed  regions  in  the  metal  is  also  inconsistent  with 
the  diffusion  data  of  Hill10  which  indicate  that  little  or 
no  strain  occurs  while  hydrogen  diffuses. 

It  should  be  noted  that  the  deleterious  effects  asso- 
ciated with  hydrogen  embrittlement  can  be  removed 
by  outgassing  or  “baking”  the  material  for  a short  time 
in  a temperature  range  of  100°C-300°C.' 1 

Temper  Embrittlement 

One  problem  associated  with  heat-treating  certain 
steels  is  temper  embrittlement  which  occurs  when  cer- 
tain commercial-purity  steels  are  heated  in  or  slowly 
cooled  through  fire  temperature  range  of  5S0°C  to 
3S0°C.12  If  the  steel  is  subsequently  reheated  above 
600°C  for  a short  time  and  quenched  to  room  tempera- 
ture, tho  embrittlement  disappears. 

Temper  embrittlomcnt  is  manifested  by  a loss  in  cor- 
rosion resistance  and  a large,  upward  shift  in  tho  brittle 
to  ductile  transition  temperature.13  This  reduction  In 
toughness  seriously  limits  the  use  of  ailoy  stools  in 
heavy  sections  such  us  pressure  vessels  and  stoam  tur- 
bine rotors. 

It  is  generally  bolioved  that  the  equilibrium  segrega- 
tion of  various  impuritlos  to  prior  austenito  grain  boun- 
daries is  the  fundamental  mechanism  of  temper  embiit- 


l0M.N.  Iltll  and  K.W.  Johnson,  Transactions  of  the  Ameri- 
can Institute  of  Mining,  Metallurgical  and  Petroleum  Engineers 
(Aim),  Vol  215,  No.  717  (1959). 

“AS.  Tetotman  and  A.J,  MolMy,  Jr..  FTacture  of  Struc- 
tural Materials  (John  WUey,  1967), 

Low,  Jr.,  Fracture  of  Engineering  Materials  (ASM, 
1964),  p 127;  and  CJ.  McMahon,  Jr.,  Temper  Embrittlement 
In  Steel,  ASTM  STP407  (ASTM,  1968).  p 127, 

,3llcat  Treating,  Cleaning,  and  Finishing,  ASM  Metal* 
Handbook,  Vol  2,  8th  Edition  (1964),  p 24$;  and  R.T.  Ault, 
U.H.  llohmuim.  and  J.U.  Myers,  Wear  Treatment  of  a Marten- 
sitic Stainless  Steel  for  Optimum  Combination  of  Strength, 
Toughness,  and  Stress  Corrosion  Hedstance,  Technical  Report 
AEML-TR-68-7  (Air  force  Materials  laboratory,  April  1968). 

14 J.R.  Low,  Jt..  t».!\  Stein,  A.M.  Tuikalo. and  R.l*.  lal'wcl. 
Transactions  of  AlMls,  MT6TD,  Vol  242  (1968),  pp  14-24. 


tlement.  Low  and  his  associates14  demonstrated  the  in- 
fluence of  specific  impurities  such  as  antimony,  tin, 
phosphoms,  and  arsenic  and  alloying  elements  such  as 
nickel  and  chromium  in  promoting  embrittlement. 
Marcus  and  Palmberg15  found  that  when  fracture  oc- 
curs along  prior  austenite  grain  boundaries  in  low-alloy 
steels,  significant  amounts  of  antimony,  tin,  and  phos- 
phorus ( 1 00  to  500  times  the  bulk  concentration)  are 
present  on  the  grain  boundaries.  The  presence  of  both 
nickel  and  chromium  leads  to  more  segregation  of  anti- 
mony, tin,  or  phosphorus  to  the  grain  boundaries  than 
when  either  is  present  alone. 

Recent  experiments  by  Ohtani1 6 suggest  that  a cen- 
tral feature  of  temper  embrittlement  is  the  redistribu- 
tion of  solute  during  carbide  precipitation.  The  study 
showed  that  eliminating  carbide  precipitation  in  anti- 
mony- and  phosphorus-doped  alloys  eliminated  the  re- 
maining embrittlement  resulting  from  equilibrium 
segregation.  Ohtani  concludes  that  embrittlement  is 
caused  by  the  presence  of  impurities  in  the  carbide- 
ferrite  interfaces  resulting  from  piling-up  of  the  impuri- 
ty ahead  of  a growing  carbide. 

Regardless  of  how  impurities  reach  tho  grain  bound- 
aries, it  is  generally  accepted  that  they  lower  the  maxi- 
mum cohesive  force  along  the  prior  austenite  grain 
boundaries.  Consequently,  cracks  can  easily  propagate 
along  this  path. 

Welding  of  Steel 

Welding  Is  an  Important  method  of  joining  single 
members  into  complex  struct  ,ial  systems  required  to 
function  under  diverse  loading  conditions  In  construc- 
tion engineering.  Arc  welding  has  boon  widely  used  to 
join  various  constructional  alloy  stools.  In  the  arc 
welding  process,  the  arc  supplies  the  heal  needed  to 
melt  tire  filler  and  base  metal  surfaeos  being  juried. 
Uven  when  the  proper  electrodes, heat  input, and  weld 
techniques  ure  used,17  weld  deposits  are  rarely  free  of 
discontinuities;  many  types  of  defects  occur,  Including 
porosity,  lack  of  fusion  (l.01‘),  lack  of  penetration 
(LOP),  cracks,  undercuts,  inclusions,  and  bum-through. 

,5lt.l..  Marcus,  )r.  amt  P.W.  Patmberg,  "tiffed  of  Solute 
(dements  on  Temper  KrobtUtlement  of  Low  Alloy  Steels.” 
Tcmitcr  Embrittlement  of  Steels,  ASTM  SIP  499  (ASTM, 
1971  ),pp  90-103. 

,61I.  Ohtani,  tl.C'.  l-'ong,  ami  t\J.  McMahon,  It..  "New  In- 
formation on  tire  Mechanism  of  Temper  Embrittlement  of 
Alloy  Steels,”  Metallurgical  Transactions,  Vol  5 (1974),  pp 
516-518. 

17A,  Phillips,  ed.,  The  Welding  Handbook,  Vol  l (American 
Welding  Society,  196b). 
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2 EXPERIMENTAL  PROCEDURE 


The  effects  of  these  defects  on  the  mechanical  proper- 
ties of  the  joint  differ.  Factors  such  as  size,  shape, 
orientation,  distribution,  and  service  environment  also 
play  important  roles  in  determining  the  performance  of 
a weldment. 

Porosity,  one  of  the  most  frequent  weld  defects,  is 
formed  by  entrapment  of  evolved  gases  in  the  solidify- 
ing metal.  Because  of  their  reduced  solubility,  the  gases 
are  driven  from  solution  in  the  weld  metal  as  the  tem- 
perature drops.  Gas  bubbles  are  formed  at  the  solid- 
liquid  interface  and  remain  there  until  they  are  large 
enough  to  float  through  the  molten  metal  and  escape 
to  the  atmosphere.18  If  the  rate  of  flotation  is  less 
than  the  rate  of  the  solidifying  front’s  advance,  the 
bubbles  are  trapped,  creating  porosity. 

LOP  defects  result  when  the  weld  and  base  metals 
(or  the  base  metal  alone  if  no  filler  metal  is  used)  do 
not  integrally  fuse  at  the  root  of  the  weld.  This  occurs 
when  the  weld  metal  fails  to  reach  the  root  of  a fillet 
weld  or  the  root  face  of  a groove  weld  fails  to  reach 
fusion  temperature  along  its  entire  length. 

IOF  occurs  when  adjacent  layers  of  weld  metal,  or 
weld  metal  and  base  metal,  fail  to  fuse  because  the 
temperature  of  one  of  the  metals  does  not  reach  its 
melting  point  during  a weld  pass. 


,HI).  Warren  and  RJ).  Stout,  WehJIng  Journal , Vo!  3,  No. 
8,  Research  Support  381-5  (1952). 


Materials 

The  steels  used  in  this  investigation  were  % in.  thick 
plates  cf  ASTM  A-36,  ASTM  A-S17  Grade  F (USS 
T-l),  and  HY-130.  Type  A-36  is  the  most  common 
grade  of  structural  steel  used  in  bridges  and  buildings 
and  for  other  general  structural  purposes.  Its  micro- 
structure (Figure  7)  consists  of  regions  of  ferrite  and 
pearlite.  Type  A-517  Grade  F structural  steel  (USS  T-l) 
is  a high-strength,  low-alloy,  quenched  and  tempered 
steel  used  in  such  applications  as  welded  bridges, 
buildings,  and  pressure  vessels.  HY-130  is  also  a low- 
carbon,  quenched  and  tempered  alloy  steel  with  a high 
yield  strength.  This  steel  has  high  toughness  and  ade- 
quate hardenability  even  for  thick  plate  applications. 
The  tempered  martensitic  microstructuros  of  T-l  and 
HY-1 30  are  shown  in  Figures  8 and  9. 

T-l  steel  weldments  were  fabricated  using  AIRCO 
AX  110  welding  wire.  The  chemical  compositions  of 
the  steels  and  weld  metal  arc  shown  in  Table  1 ; Table  2 
lists  their  mechanical  properties. 

Welding  Procedure 

The  gas-metal  arc  (GMA)  welding  process  was  used 
to  prepare  the  T-l  steel  weldments,  The  weld  passes 
were  deposited  in  either  a 60°  double-V  groove  or  a 
singlo-V  groove  (Figure  10).  Table  3 gives  the  welding 
parameters. 


Table  I 

Chemical  Composition  of  Steels  ami  Weld  Metal 


Sleet 

ASTM 

ASTM  A-517 

AX  HO  weld 

Cumpoutkxa 

% 

A-36 

Grade  t! 

an 

deposit 

IIYI30** 

C 

0,26  max 

0. 10-0,20 

0.085  mas 

0.12  max 

Mn 

0.8M.3S* 

0.60-1.00 

1.4  3 max 

0,60-0,90 

1* 

0,04  max 

0,035  max 

0,011  max 

0,010  nm 

S 

0.05  max 

0.04  liras 

0.010  max 

0.015  max 

Si 

0.15-0.30* 

0.15-0.35 

0.43  max 

0.20-0.35 

t’u 

0.20 

0.15-0,50 

Ni 

0.70-1.00 

2.29  mas 

4.75*5.25 

Tt 

» 

0.009  iius 

<> 

- 

0.40-0.65 

0.16  max 

0.40-0.70 

Mo 

- 

0.40-0.60 

0.52  max 

0.30-0.65 

V 

« 

0.03-0.08 

0.0094  max 

0.05-0.10 

B 

- 

0.002-0.006 

- 

At 

- 

0.005  max 

- 

•For  ulupc*  over  426  U)/ft  (633.96  kg/m). 
••Data  provided  by  U.S.  Steel 
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Table  2 

Mechanical  Properties  of  Steels  and  Weld  Metal 


Yield  Strength 

m 

Tensile 

Steel 

(0.2%  offset) 

Strength  (ksi) 

Elong  (%  in  2 lit.  or  i 

A-36 

32-36  min. 

(22498240-25310520  Kg/m2) 

58-80 

(40778060-56245600  Kg/m2) 

21-23  min. 

T-l 

AX-110  weld 

100  min. 

(70307000  Kg/m2) 

IIS-135 

(80853050-94914450  Kg/m2) 

18  min. 

deposit 

100  min. 

(70307000  Kg/m2) 

115-135 

(80853050-94914450  Kg/m2) 

20  min. 

HY-130 

130  min. 

(91399100  Kg/m2) 

150-180 

(105460500-12655260  Kg/m2) 

15  min. 

Table  3 

Welding  Parameters 


Voltage  Amperage 
220V  350  amp 


Travel  Speed  Preheat  A Interpaw 
(iiWmln)  temp. 


12 

(3Q.48  ctn/mln) 


93  C 


Shielding  Uu  Heat  Input  (kJ/l)  No.  of  Weld  Passes 

2%  Oxygen-Argon  60-65  4 


Normal  welding  procedures  wore  intentionally  dis- 
turbed to  obtain  ilto  desired  weld  discontinuities. 
Clustered  porosity  was  produced  by  shutting  off  the 
shielding  gas,  thereby  contaminating  the  molten  weld 
metal  in  the  root  of  tho  joint  with  oxygen.  Isolated 
porosity  was  introduced  by  shutting  off  the  oxygon  in 
the  shielding  gas,  thus  decreasing  arc  stability. 

LOP  was  created  in  a doubie-V  groove  plate  by  but- 
ting tire  lands  tightly  together  to  prevent  complete 
penetration  of  tire  weld  metal.  Using  a single  pass  on 
each  side  resulted  In  excessive  distortions;  to  correct 
this,  the  specimens  were  wclued  using  two  alternate 
passes  on  each  side,  llto  LOP  was  a planar,  centrally 
located  delect  extending  the  full  length  of  the  weld. 

LOF  was  produced  by  lowering  the  heal  input  90 
percent  on  the  first  puss. 

Lath  weldment  was  radiographed  to  verify  the  ex- 
istence of  the  desired  defects. 


Specimen  Fabrication  and  Testing 

Figuros  11  and  12  show  the  specimen  geometries 
for  the  tensile,  impact,  and  fatigue  tests.  The  tensile 
and  fatigue  plate  specimens  were  machined  with  their 
longitudinul  axes  parallel  to  tho  rolling  direction,  while 
tho  longitudinal  axes  of  the  Impact  specimens  were 
perpendicular  to  tire  roiling  direction.  Tho  weldment 
specimens  wero  machined  with  their  longitudinal  axes 
perpendicular  to  tire  weld  axis. 

The  mochunica!  tensile  tests  wore  conducted  at 
room  temperature  at  a constant  strain  rate  of  0.001 
In./in  ./min  (0.001  cm/cm/min).  To  determine  tho 
effect  of'  temperature  on  tiro  fracture  mode  of  tire 
Charpy  specimens,  tests  wore  conducted  at  a wide 
range  of  temperatures  (Tablo  4}  using  a temperature 
control  lralh.  Tire  fatigue  tests  were  conducted  at  10 
eyelos/sco  hr  a tension-torsion  sinusoidal  mode  ut  room 
temperature,  using  a SO-kip  MTS  unit.  AU  fatigue  and 
tensile  tests  of  iite  defective  weldments  were  conduc- 
ted perpendicular  to  the  weld  axis. 


Tabic  4 

Temperatures  and  Lmirtuunatls  of  Charpy  Testa 


Temp  C 

•196 

-83 

•18 

23 


Lnvtroomcnt 

Liquid  Nitrogen 
Dry  Ice/ibhy)  Alcohol 
loe/Sth  Water 
Ambient 


IS 


Hydrogen  Embrittlement 

To  induce  hydrogen  embrittlement,  the  machined 
samples  were  cathodically  charged  in  a solution  of  10 
weight  percent  (w/o)  and  0.3  w/o  A^O-^  The 

AS2O3  was  used  to  promote  penetration  of  hydrogen 
during  cathodic  polarization.  The  cathodic  charging 
was  conducted  at  a current  density  of  6 mA/sq  in. 
(.93  mA/cm2)  for  12  hours  prior  to  testing. 

Temper  Embrittlement 

The  T-l  specimens  were  temper-embrittled  using  the 
following  step-cooling  procedure: 19 

1 . Temper  1 hour  at  S93°C. 

2.  Furnace-cool  to  538°C  and  temper  for  IS  hours. 

3.  Furnace-cool  to  524°C  and  temper  for  24  hours. 

4.  Fumace-cool  to  496°C  and  temper  for  48  hours. 

5.  Furnace-cool  to  468°C  and  temper  for  72  hours. 

6.  Furnace-cool  to  31 5°C. 

7.  Air-cool  to  room  temperature. 

The  HY-130  specimens  were  temper-embrittled  using 
the  following  procedure:20 

1 . Temper  1 hour  at  S93°C. 

2.  Furnace -cool  to  S 15°C  and  temper  for  16  hours. 

3.  Furnace-cool  to  502°C  and  temper  for  24  hours. 

4 . Furnace-cool  to  468 °C  and  temper  for  96  hours. 

5.  Furnace-cool  to4S2°C and  temper  for  144  hours. 

6.  Furnace-cool  to  44 1 °C  and  tompor  for  168  hours. 

7.  Furnace-cool  to  344°C. 

8.  Air-cool  to  room  temperature. 

3 RESULTS  AND  DISCUSSION 

The  summary  of  the  tests  conducted  in  this  study, 
typical  tensile  test  load-deflection  curves,  the  variation 
in  absorbed  energy  with  temperature  for  ('harpy  tests, 
ami  the  fatigue  lives  of  uncinhrittled  and  embrittled 
steels  are  shown  in  Figures  13  and  14  and  Tables  5 
and  6. 

ASTIVt  A-36 

The  tensile  fracture  surface  of  the  A-36  steel  Is 
shown  In  Figure  IS.  Considerable  necking  occurred  In 
the  sample  prior  to  fracture.  The  mechanism  of  failure 
was  dimple  rupture.  Figure  16  shows  both  considerable 


lvA.  Joshi  amt  l).l;.  Stein.  Temper  Kmbritlfcment  of  Alloy 
Steels,  A STM  SIT  499  (A  STM,  1 972).  pp  59-89 , 

Personal  communication  with  H.A.  Swift,  January  1973 
concerning  Temper  Embrittlement  Study  of  lty-i  30  Sled. 


variation  in  dimple  size  and  an  entrapped  inelusion. 
Figure  17  shows  plastic  deformation  markings  within 
the  large  concave  dimples. 

The  effect  of  hydrogen  embrittlement  on  the 
strength  of  ferritic  steels  is  minimal  due  to  the  difficul- 
ty in  propagating  a crack  through  the  ductile  material. 
In  this  investigation,  the  hydrogen-embrittled  tensile 
sample  exhibited  a dramatic  loss  in  ductility.  The 
fracture  surface  (Figure  18)  consisted  of  a mixture  of 
flat  quasi-cleavage  facets  (Figure  19)  and  concave  in- 
clusion-nucleated dimples  (Figure  20).  It  is  postulated 
that  the  serpentine  glide  markings  shown  on  the  left 
side  of  Figure  20  were  caused  by  the  appearance  of 
new  free  surfaces  resulting  from  glide  on  a series  of 
nearly  parallel  planes.  As  straining  continued,  the  dis- 
tinct glide  planes  were  smoothed  out  and  ripples 
formed.  Fonnation  of  these  smooth  features  has  been 
called  glide  plane  decohesion  or  ductile  cleavage.21 

Since  temper  embrittlement  manifests  itself  in 
Charpy  impact  tests  by  raising  the  brittle  io-duetile 
transition  temperature, 22  it  is  quite  easy  to  determine  if 
this  phenomenon  is  present.  Charpy  tests  were  per- 
formed on  A-36  specimens  after  they  received  a heat 
treatment  similar  to  the  HY-130  specimens.  Since  there 
was  no  change  in  the  absorbed  energy  of  these  samples 
as  compared  to  the  as-rcceived  samples,  it  was  conclu- 
ded that  A-36  steel  was  not  susceptible  to  temper  em- 
brittlement, and  no  further  studies  of  this  phenomenon 
were  made  with  this  mutorial. 

The  fracture  surface  of  the  A-36  specimen  broken 
in  fatigue  (Figure  2 1 ) consisted  of  a fatigue  zone  and  a 
tensile  overtoad  zone.  Distinct  fatigue  solutions  can  be 
seen  In  Figure  22,  Most  of  these  striutlons  were  parallel 
to  the  machined  notch,  although  secondary  crack 
fronts  were  occasionally  observed.  Stereo  photographs 
of  the  fatigue  zone  (Figure  23)  show  that  the  crack 
front  propagated  on  many  different  levels,  The  central 
portion  of  the  fracture  surface,  where  rapid  tensile 
overload  occurred,  consisted  of  equiaxed  dimples 
generated  by  inclusions  (Figure  24). 


j j 

I'ractography  and  ,<) tits  of  Tracwiraphs,  ASM  Melds 
Uandtmuk,  Vol  9,  8th  1-4 1 1 km  (American  Society  for  Metals 
|ASM|,  1974),  p tit. 

22//ruf  Heating,  Cleaning,  and  Tinishlng,  ASM  Metals 
Handbook.  Vol  2,  Bth  Edition  (1964),  p 245;  am)  K.T.  Auh. 
R.H.  HoUmaim.  ami  J,K.  Myers,  Heat  Treatment  of  « Marten- 
title  Stain  lets  Sled  for  Optimum  Combination  of  Streitfth, 
Toughness,  and  Stress  Corrosion  Resistance,  Technical  Report 
AI  ML-TR-6H-7  (Air  Forte  Materials  Laboratory,  April  1968). 
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Tables 

Summary  of  Tests  Conducted  in  This  Study 


Mode  of  Test 


Material 

As- 

Teiufle 

»2 

Temper 

As- 

Fatigue 

«2 

Temper 

As- 

Impact 

H2  Temper 

Rec. 

Embr. 

Embr. 

Rec. 

Embr. 

Embr. 

Rec. 

Embr.  Embr. 

A-36 

Plate 

X 

X 

X 

X 

X 

X 

X 

T-l 

Plate 

X 

X 

X 

X 

X 

X 

X 

HY-130 

Plate 

X 

X 

X 

X 

X 

X 

X 

T-l 

Weld 

X 

X 

X 

X 

X 

X 

X 

T-l  Weld 
w/Defects 

X 

X 

X 

X 

X 

X 

Table  6 

Summary  of  Fatigue  Test  Parameters  and  Data* 
Fatigue  life  (#of  cyder) 


Applied  Stress  (ksi) 


Material 

As 

Received 

Hydrogen- 
Embd  tried 

Temper- 

Embrittled 

Specimen 

Shape 

Max 

A-36 

6600 

4575 

3800 

flat 

36 

T-l 

6050 

3470 

$417 

rut 

(25310520  Kg/m2) 
UK) 

HY-130 

11560 

4410 

7750 

round 

(7030700  Kg/m2) 
134 

AX- 1 JO  weld 

SS 10 

413S 

5110 

rial 

(94211380  Kg/m2) 

100 

(7030700  Kg/m2) 

Min 

4 

2«0K 

15 

>050  * 
18 

52601 

IS 


*tiacb  value  U an  average  of  two  or  more  tests, 


The  fracture  surface  of  the  hydrogen-embrittled 
fatigue  sj  scimeit  (Figure  25)  has  a woodier  appearance 
item  the  unembrittled  specimen.  A high  magnlllcalhm 
of  the  fatigue  zone  revealed  well-developed  fatigue 
si  flattens  (Figure  26).  A stereo  view  of  this  region 
(Figure  27)  sliowed  wider  secondary  cracking  than  in 
the  tmcmbriuled  specimen;  this  may  explain  the  dif- 
ference in  appearance,  I.arge  dimples  were  juesent  in 
the  tensile  overload  region  of  tlic  fracture  surface 
(Figure  2B). 

Figure  29  shows  the  fracture  surface  of  an  A-36 
Charpy  specimen  broken  at  -196°C,  A higher  magnifi- 
cation of  fids  surface  (Figure  30)  shows  that  failure 
occurred  by  cleavage.  The  river  patterns  (Figure  31) 


show  the  direction  of  crack  propagation  within  each 
cleavage  facet.  When  the  Charpy  specimen  was  frac- 
tured at  -H3°t\  the  fracture  surface  (Figure  32)  con- 
sisted of  cleavage  facets  and  microvoids  (Figure  33), 
indicating  that  failure  occurred  by  transgranular  cleav- 
age and  microvoid  coalescence.  When  fracture  occurred 
at  ■1H°C.  the  fracture  surface  (Figure  34)  uceame  more 
complex.  Near  the  notch,  failure  occurred  by  dimple 
rupture  (Figure  35);  in  the  central  portion  of  the  sjwci- 
men,  failure  occurred  by  cleavage  and  dimple  rupture 
(Figure  36).  The  increasing  amount  of  plastic  strain  at 
the  crack  tip  during  fracture  accounts  for  the  sudden 
increase  in  the  amount  of  energy  which  must  be  ex- 
pended to  cause  failure.  The  transition  temperature  of 
A-36,  based  on  tlic  average  energy  criterion*1  (l.e.,  the 


temperature  corresponding  to  an  energy  that  is  one- 
half  the  difference  between  the  maximum  and  mini- 
mum energies),  is  approximately  10°C. 

Fracturing  at  room  temperature  results  in  a promi- 
nent shear  lip  at  the  end  of  the  specimen,  as  well  as 
considerable  tearing  near  the  notch  (Figure  37).  Failure 
is  by  dimple  rupture  near  the  notch  (Figure  38)  and 
cleavage  in  the  central  region  (Figure  39).  The  dimple 
rupture  results  from  microvoid  coalescence  and  inclu- 
sion-generated voids  (Figure  40).  The  central  region 
exhibits  regions  of  this  failure  mode  interspersed 
among  the  cleavage  facets  (Figure  41). 

The  central  cleavage  in  an  otherwise  ductile  Charpy 
specimen,  called  a window  of  fast  fracture,  results 
from  transition  from  the  plane  stress  to  the  plane  strain 
fracture  mode  as  the  crack  progresses  through  the  spec- 
imen. A three-dimensional  stress  state  (constraint) 
exists  in  the  center  of  the  specimen,  resulting  in  the 
yield  stress  being  increased  to  up  to  three  times  its 
normal  value.  In  addition,  the  yield  stress  is  further  in- 
creased by  the  low  test  temperature  (yield  stress  is  in- 
versely proportional  to  temporature).  Consequently, 
before  plastic  defonnation  at  the  crack  tip  can  occur, 
the  stresses  in  the  center  must  increase  to  a value  much 
greutor  than  the  normal  yield  stress  of  the  material.  At 
the  edges  of  the  specimen,  however,  only  a two-dimen- 
sional stress  statu  is  possible, so  plastic  deformation  can 
occur  more  easily. 

At  very  low  temperatures  (-196°C),  the  yield  stress 
is  so  high  that  cleavage  fracture  occurs  oven  along  the 
edges  of  the  specimen.  At  room  temperature,  however, 
the  yield  stress  Is  so  low  that  even  the  constraint  factor 
cannot  increase  U enough  to  provide  cleavage  ;fraeturo 
therefore  occurs  by  dimple  rupture  throughout  tire 
specimen. 


ASTM  A 517  Grade  F UJSS  T D St««l 

The  fracture  surface  resulting  from  tensile  failure  of 
T-l  steel  plate  (Figure  42)  contained  dhnpl.  (Figure 
43).  Failure  in  the  center  of  the  specimen  occurred  by 
normal  rupture  which  produced  equk  cd  dimples, 
wldlc  the  outer  edges  failed  by  shear  rupture.  A higher 
magnification  (Figure  44)  shows  that  the  cqttlaxed 
dimples  funned  around  inclusions  wtdeh  were  still 


23A.S.  Tctebnan  inJ  A.J.  Metvviiy,  Jr.,  Fracture  ofSime • 
tufa}  Materials  ( Jotui  Wiley,  1967). 


present  in  the  dimples,  indicating  that  inclusion  frac- 
ture initiated  failure. 

Hydrogen-charging  T-l  steel  before  fracturing  in 
tension  failed  to  produce  any  noticeable  effect,  proba- 
bly due  to  lack  of  diffusion  time  for  the  hydrogen.  The 
fracture  surface  (Figure  45)  seems  identical  to  the  un- 
embrittled surface  (Figure  42).  Failure  occurred  by 
dimple  rupture  (Figure  46)  and  microvoid  coalescence 
in  both  cases.  Secondary  microcracks  formed  as  a re- 
sult of  voids  joining.  While  hydrogen  embrittling  did 
not  affect  the  ultimate  strength  of  the  material,  it  did 
result  in  a minor  loss  in  ductility  evidenced  by  a small- 
er area  under  the  load/deflection  curve  (Figure  13). 

When  T-l  steel  was  subjected  to  temper  embrittle- 
ment, the  tensile  fracture  surface  (Figure  47)  consisted 
entirely  of  dimple  rupture  and  mierovoid  coalescence 
(Figures  48  and  49).  Although  this  is  identical  to  the 
failure  mode  of  the  as-receivod  specimen,  it  does  not 
mean  that  the  steel  was  not  embrittled.  Schultz  and 
McMahon24  found  that  temper  embrittling  an  alloy 
with  composition  similar  to  that  of  T-l  steel  by  step- 
cooling  produced  the  same  type  of  failure  mode.  They 
verified  the  presence  of  embrittlement  by  observing  the 
corresponding  increase  in  the  transition  (from  brittle 
to  ductile)  temperature.  Since  the  fracturo  surface 
alone  Is  not  sufficient  to  identify  the  presence  of  em- 
brittlement, further  tests  such  as  the  Charpy  impact 
tost  should  be  performod  to  verily  its  presence. 

The  fracture  surface  of  an  unombrittlod  double- 
notched  T-l  plate  specimen  broken  in  fatigue  (Figure 
SO)  consisted  of  a fatigue  zone  near  each  notch  and  a 
region  of  tensile  overload  in  tire  center  of  the  specimen. 
The  striations  In  tire  fatigue  zone  (Figure  SI)  were  Ini- 
tiated parallel  to  the  machined  notch ; however,  sec- 
ondary cracking  began  near  the  tensile  overbad  region, 
and  the  striations  became  multUiheclioml  (Figure  52). 
The  small  holes  resulted  from  large  inclusions  which 
were  pulled  from  the  matrix  as  the  fatigue  crack  ad- 
vanced. A cracked  inclusion  remains  at  the  bottom  of 
one  of  the  holes.  The  tensile  overload  region  (Figure 
S3)  consisted  of  equtaxed  dimples  of  vat yurg  sizes. 

Introduction  of  excessive  Ity^trgon  in  the  T-l  steel 
by  cathodic  charging  reduced  the  fatigue  life  between 
20  and  60  percent  (Table  S).  The  fracture  surface  of  a 
hydrogen-embrittled  T-l  (date  specimen  broken  hr 


MU.J.  Schultz  and  C.J.  McMahon.  Jr.,  Temper  b'mf-rinte- 
ment  of  At  •>>'  Uteris,  ASTM  S1T>  499  (ASTM.  1972),  pp  tW- 
135. 
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fatigue  (Figure  54)  was  also  composed  of  fatigue  re- 
gions near  the  notches  and  a tensile  overload  region. 
The  fatigue  region,  however,  was  not  flat,  but  con- 
sisted of  parabolic  contours  (Figure  55).  Photographing 
these  contours  at  different  tilt  angles  revealed  that  the 
parabolic  contours  were  actually  craters  in  the  fracture 
surface  (Figures  56  and  57).  The  shape  of  the  craters 
can  be  seen  in  the  optical  micrograph  (Figure  58)  taken 
from  a section  in  the  fatigue  zone  perpendicular  to 
the  machined  notch.  Many  of  these  craters  contained 
cracks  in  the  bottom  perpendicular  to  the  machined 
notch.  Failure  occurred  by  quasi-cleavage  inside  the 
craters,  while  considerable  secondary  cracking  outside 
resulted  in  multi-directional  fatigue  striations.  There 
were  no  fatigue  striations  evident  near  the  notch. 

The  formation  of  craters  in  the  hydrogen-embrit- 
tled fatigue-fractured  samples  can  be  explained  using 
Troiano's  theory  of  hydrogen  embrittlement. 25  He 
proposed  that  accumulation  of  hydrogen  followed  by 
subsequent  crack  nucloation  occurred  in  rogions  of 
high  triaxial  stress.  A triaxial  stress  state  occurs  below 
the  root  of  a notch  where  cracks  can  initiate  as  a result 
of  a critical  combination  of  stress  and  hydrogen  con- 
centration. Since  fatigue  striations  were  present  in  the 
uncmbrittlcd  samples,  it  was  assumed  that  the  absence 
of  striations  noar  tire  notch  in  the  embrittled  samples 
indicated  that  subsurface  crack  nucloation  Itad  oc- 
curred instead  of  the  progressive  type  of  crack  advance 
from  the  outside  surface  of  the  notch  as  evidenced  in 
the  A-36  specimens  and  the  unembrittled  T-l  speci- 
mens, Subsurface  fatigue  cracks  nucleated  micro- 
cracks,  voids,  or  inclusions  grow  on  planes  perpendicu- 
lar to  the  major  applied  stress  uxis.  When  these  trans- 
verse fatigue  ciacks  intersect  the  longitudinal  cracks 
associated  with  stringers,  subsequent  cyclic  stressing 
enlarges  the  cracks  into  craters.  Figure  S9,a  longitudi- 
nal section  of  the  hydrogen-embrittled  fatigue  zona, 
Illustrates  the  beginning  and  intermediate  stages  of 
crater  formation,  Widening  of  the  longitudinal  micro- 
cracks  by  the  main  fatigue  crack  is  clearly  evident. 

The  central  portion  of  the  fracture  surface,  where 
tensile  overload  occurred,  consisted  of  various-sized 
dimples  and  occasional  void-generated  secondary 
cracks  (Figure  60).  The  absence  of  hydrogen  embrittle- 
ment effect  in  this  region  was  probably  because  failure 
was  very  rapid,  giving  the  hydrogen  insufficient  lime  to 
build  up  to  a critical  concentration  hi  the  area. 

”A.  Tiutano,  'The  Rote  of  Hydrogen  and  Other  Inter- 
itliUIi  in  tire  Mechrnlul  Behavior  of  Meuti,"  Tnnwtionsof 
lift  Antrim*  Hoeitiy  for  Meuti  (ASM},  Vo)  52  (IWO).  p 52. 


The  temper-embrittled  T-l  fatigue  fracture  surface 
(Figure  61)  contained  a large  amount  of  lamellar  tear- 
ing in  the  fatigue  zone  (Figure  62).  Although  a small 
amount  of  tearing  was  noticed  in  the  as-received  fatigue 
sample,  temper  embrittlement  seemed  to  render  the 
material  more  susceptible  to  lamellar  tearing.  It  is  be- 
lieved that  the  heat  treatment  cycle  reduces  the  mate- 
rial's short  transverse  tensile  properties  so  that  as  the 
fatigue  crack  propagates,  the  large  triaxial  stresses 
which  build  up  ahead  of  the  crack  front  fracture  the 
weakened  interface  between  the  matrix  and  the  long 
stringers  of  inclusions.  As  in  the  unembrittled  sample, 
fatigue  striations  were  parallel  to  the  machined  notch 
(Figure  63).  Figure  62  clearly  shows  the  transition 
from  a fatigue  to  a tensile  overload  failure  mode.  As  in 
the  previous  cases,  the  central  region  consisted  of  dim- 
ple rupture  (Figure  64). 

When  a T-l  Charpy  specimen  was  fractured  at  -196°C 
(Figure  65),  failure  was  entirely  by  dcavagc(Figure  66). 
River  patterns  (Flguro  67)  show  the  direction  of  crack 
propagation  across  oarh  eleuvage  facet.  When  the  speci- 
men was  broken  at  -83°C  (Figure  68),  mixed  mode  fail- 
ure occurred  by  cleavage  (Figure  70).  As  with  the  A-36 
samples,  the  onset  of  dimple  formation  on  the  fracture 
surface  corresponded  directly  with  the  increase  in  ener- 
gy needed  to  cause  failure  (Figure  14).  At  -180C,  the 
fracture  surface  (Figure  71)  exhibited  a "woody"  frac- 
ture and  consisted  entirely  of  dimples  (Figure  72).  Indi- 
cating that  failure  resulted  front  microvoid  coalescence. 
The  fracture  surface  of  a Charpy  specimen  broken  at 
room  temperature  (Figure  73)  also  consisted  of  dim- 
ples of  varying  sizes  (Figure  74).  A higher  magnifica- 
tion (Figure  75)  shows  that  dimple  formation  resulted 
from  microvoid  coalescence  along  with  inclusions. 

HV-130  Steel 

Since  )IY- 1 30  Is  also  a quenched  and  tempered  mar- 
tensitic steel,  its  fracture  behavior  should  be  simitar  to 
that  of  T-l . Comparing  their  stress-strain  curves  (Figure 
13)  shows  that  ilY-130  Is  stronger  and  more  ductile 
titan  T-l . Uceausc  of  this  high  strength,  HY-130's  sus- 
ceptibility to  hydrogen  embrittlement  is  expected  to 
be  Severe. 

When  HY-130  was  broken  in  tension  (Figure  76). 
high  magnifications  of  the  fracture  surface  revealed 
that  failure  occurred  by  normal  rupture  in  the  center 
of  the  specimen  (Figure  77)  and  shear  rupture  on  edges 
of  the  specimen  (Figure  78).  The  large  cracks  m the 
fracture  surface  probably  resulted  from  microcracks 
which  formed  at  the  interface  between  the  martensitic 
matrix  and  tong  stringers  of  inclusions. 


19 


Figure  13  clearly  shows  the  difference  in  ductility 
between  A-36  and  the  two  martensitic  steels.  In  A-36, 
more  plastic  deformation  occurred  at  the  crack  tip.  As 
a result,  the  dimples  in  A-36  steel  (Figure  16)  were 
larger  than  in  the  T-l  (Figure  43)  and  HY-130 (Figure 
77)  steels. 

Hydrogen-charging  the  HY-130  sample  prior  to  frac- 
ture significantly  affected  the  appearance  of  the  frac- 
ture surface  (Figure  79).  The  surface  contained  many 
small,  circular,  flat  regions  called  “fisheyes”  (Figure  80). 
Stereo  photographs  of  a fisheye  (Figure  81)  show  that 
the  center  is  actually  a deep  pit.  When  fracture  initia- 
ted from  this  area,  it  propagated  in  a quasi-cleavage 
mode  (Figure  82). 

Troiano's  theory  of  hydrogen  embrittlement  can  ex- 
plain the  appearance  of  the  fisheyes.  If  atomic  hydro- 
gen can  diffuse  to  regions  of  high  triaxial  stress  under 
an  applied  load,  a critical  concentration  of  hydrogen 
results.  This  hydrogen,  in  conjunction  with  the  applied 
load,  causes  localized  fracture  to  occur  in  a brittle  man- 
ner. Since  the  conventional  tensile  test  is  fairly  rapid, 
too  little  time  is  available  for  the  regular  mechanism  of 
hydrogen-induced  microcracking  to  ropcat  itself  at  the 
tip  of  the  newly  formed  microcrack,  Thus,  the  size  of 
the  fisheye  is  confined  to  the  initial  microcrack  associ- 
ated with  the  cavity.  Other  portionsofthc  sample  failed 
by  grain  boundary  separation  with  microvoid  coales- 
cence (Figures  83  and  84),  A smaller  reduction  in  cross 
section  in  the  hydrogen-embrittled  sample  indicated  a 
loss  in  ductility,  This  observation  was  confirmed  by  the 
load-deflection  curve  (Figure  13)  which  also  indicated 
a loss  in  ductility  duo  to  hydrogen  embrittlement. 

Considerable  lamellar  touring  Is  evident  on  the  frac- 
ture surface  of  a temper-embrittled  HY-130  tensile 
specimen  (Figure  8S).  Failure  occurred  in  a steplike 
fashion  (Figure  86).  The  failure  mode  was  a combina- 
tion of  slipping,  tearing,  and  microvoid  coalescence 
(Figure  87).  Serpentine  glide  patterns  were  evident  on 
ihu  fracture  surface.  As  with  the  T-l  steel,  temper  em- 
brittlement increased  iho  material's  susceptibility  to 
lamellar  tearing. 

Figures  88  and  89  show  (ho  fracture  surfaces  of 
round  and  flat  as-received  HY- 1 30  specimens  fractured 
in  fatigue.  The  fatigue  and  overload  regions  are  easily 
distinguishable  in  both  samples,  The  fatigue  region  (Fig- 
ure 90)  consisted  of  parallel  striatums  indicative  uf 
crack  front  progression  across  the  surface  (Figure  91), 
A stereo  micrograph  of  the  fatigue  region  (Figure  92) 
shows  that  the  fracture  surface  is  generally  (latter  Uun 


the  A-36  or  T-l  fracture  surface.  The  central  region, 
which  failed  by  normal  rupture  in  the  center  and  shear 
rupture  on  the  sides,  conasted  of  equiaxed  and  elonga- 
ted dimples  (Figure  93). 

The  hydrogen-embrittled  HY-130  fatigue  sample  is 
shown  in  Figure  94.  The  fatigue  region  (Figure  95)  dif- 
fers considerably  from  the  unembrittled  fatigue  region 
(Figure  90).  The  parabolic  contour  lines  on  the  frac- 
ture surface  are  similar  to  those  on  the  hydrogen-embrit- 
tled T-l  fatigue  sample  (Figure  55).  A stereo  photograph 
of  one  of  these  contours  (Figure  96)  shows  that  like 
those  on  the  hydrogen-embrittled  T-l  sample  (Figure 
57),  they  are  deep  craters  on  the  fracture  surface.  The 
mechanism  of  formation  of  these  craters  in  the  hydro- 
gen-embrittled HY-130  is  postulated  to  be  the  same  as 
in  the  embrittled  T-l  stoel. 

Fatigue  striations  in  thehydrogen-embrittled  HY-130 
(Figure  97)  had  multiple  orientations  on  the  fracture 
surface  and  were  usually  associated  with  secondary 
cracking.  The  tensile  overload  region  consisted  of  dim- 
ple rupture  and  microvotd  coalescence  (Figure  98).  Ta- 
ble 5 shows  the  reduction  in  fatigue  life  due  to  hydro- 
gen embrittlemont. 

Temper-embrittling  HY-1 30  ste  ^rior  to  testing  in 
fatigue  resulted  in  the  fracture  surlaco  shown  in  Figure 
99.  The  fatigue  and  tensile  overload  regions  are  clearly 
distinguishable.  Since  considerably  more  lamellar  tear- 
ing occurred  titan  in  the  as-received  specimen  broken  in 
fatigue,  the  embrittlement  cyele  seemed  to  increase 
HY-!30's  susceptibility  to  such  tearing.  At  a higher 
magnification,  the  fatigue  region  (Figure  100)  was 
fount)  to  contain  fatigue  striations  parallel  to  the  ma- 
chined notch  (Figure  101).  A stereo  micrograph  of  the 
fatigue  region  (Figure  102)  shows  that  crack  propaga- 
tion occurred  on  relatively  few  levels,  as  hr  the  as-ro- 
celved  specimen.  In  the  tensile  overload  region,  failure 
along  the  laminates  occurred  by  slipping,  tearing,  and 
microvoid  coalescence  (Figure  103).  A region  of  Inter- 
granular fracture  was  observed  between  the  fatigue 
zone  and  the  tensile  overload  region  (Figure  104).  Most 
of  the  failure  in  this  region  was  intergranular  (Figure 
105),  presumably  along  prior  austenite  grain  bounda- 
ries; there  were  also  regions  of  microvold  coalescence 
(Figure  106). 

The  fracture  surface  of  an  HY-130  Ciurpy  sample 
broken  at  -196'C  (Figure  107)  consisted  solely  of  cleav- 
age (Figure  108).  When  failure  occurred  at  -83W  near 
the  transition  temperature,  mixed  mode  fracture  occur- 
red (Figure  109).  Tim  outer  regions  consisted  of  dimple 
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rupture  (Figure  1 10),  while  the  mechanism  of  failure  in 
the  central  region  was  cleavage  (Figure  111).  Failure  at 
•18°C,  above  the  transition  temperature,  resulted  in  a 
fracture  surface  (Figure  112)  consisting  entirely  of 
dimple  rupture  (Figure  1 13).  Fracturing  at  room  temp- 
erature produced  a fracture  surface  (Figure  1 14)  simi- 
lar to  the  -18°C  fracture  surface  (Figure  113).  The 
mechanism  of  failure  was  again  entirely  dimple  rupture 
(Figure  115). 

AX-1 10  Weld 

Figure  1 16  shows  the  fracture  surface  of  a solid  AX- 
1 10  weld  deposit  tested  in  tension.  Failure  occurred  by 
microvoid  coalescence  and  dimple  rupture  (Figure 
117).  Exposure  of  an  AX-110  weld  tensile  sample  to 
hydrogen-charging  prior  to  testing  produced  the  frac- 
ture surface  shown  in  Figure  118.  In  one  area  of  the 
surface  small  fisheyes  were  present  (Figure  119).  The 
fisheye  region  (Figure  120)  consisted  of  very  small 
cleavage  facets  (Figure  121).  This  failure  mode  resulted 
from  pockets  of  entrapped  hydrogen  gas.  The  rest 
of  the  specimen  failed  by  microvoid  coalescence 
(Figure  122).  When  the  tensile  specimens  were  temper- 
embrittled  prior  to  testing,  the  fracture  surface  (Figure 
123)  consisted  of  dimple  rupture  and  microvoid 
coalescence  (Figure  1 24). 

The  fracture  surface  of  a solid  AX-1 10  weld  tested 
in  fatigue  is  shown  in  Figure  125.  Tire  fatigue  region 
consisted  of  parallel  mlerocracks  rather  than  striations 
(Figure  126).  As  the  crack  advanced  Into  the  center  of 
the  specimen,  (lie  failure  mode  changed  from  fatigue  to 
tensile  overload  by  microvoid  couloseenco.  When  the 
cuck  was  large  enough  to  cause  rapid  tensile  overload, 
failure  occurred  by  dimple  rupture  ami  microvoid 
coalescence  (Figure  127), 


shown  in  Figure  132.  The  fatigue  region  (Figure  133) 
contained  relatively  few  distinct  fatigue  patterns 
(Figure  134).  There  was  evidence  of  lamellar  tearing 
near  the  transition  region  from  the  fatigue  to  tensile 
overload  failure  mode  (Figure  135).  Failure  in  the  over- 
load region  occurred  by  dimple  rupture  and  microvoid 
coalescence  (Figure  1 36). 

The  effects  of  test  temperature  on  the  fracture 
mode  of  Charpy  specimens  revealed  the  low  ductile  to 
brittle  transition  temperature  (DBTT)  characteristic 
of  an  AX-110  weld.  The  fracture  surfaces  resulting 
from  tests  conducted  at  -196°C,  -83°C,  -1 8°C,  and  room 
temperature  are  shown  in  Figures  137  through  140.  At 
-196°C,  failure  occurred  entirely  by  cleavage  (Figure 
141).  At  the  transition  temperature  (-83°C),  mixed 
mode  failure  occurred;  the  central  region  of  the  spec- 
imen failed  by  cleavage  (Figure  142),  while  the  outer 
areas  failed  by  dimple  rupture  (Figure  143).  At  -18°C 
and  above,  failure  occurred  entirely  by  dimple  rupture 
(Figure  144). 

Failure  of  Defective  Weldments 

The  tensile  fracture  surface  of  an  AX-1 1 0 wcldmont 
containing  LOP  is  shown  in  Figure  145.  The  LOP  area 
(Figure  146),  reveals  the  vertical  machine  markings  on 
the  base  metal  piato.  The  lower  half  of  tiro  fracture 
surface  contained  a horizontal  line  whero  the  fracture 
mode  changed  from  shear  rupture  to  normal  rupture 
(l.e.,  tire  fracture  path  is  normal  to  the  tensile  axis) 
(Figure  147),  Tire  arou  nearest  the  defect  exhibited 
elongated  dimples  (Figure  148),  while  the  area  noarost 
the  surface  consisted  of  oqulaxcd  dimplos  (Figure  149). 
It  appears  that  the  crack  initiated  at  the  LOP  aroa  and 
propagated  toward  the  surface  by  shear  rupture,  with 
final  fracture  erring  by  normal  rupture. 


When  the  weld  test  specimen  was  hydrogen-embrittled 
prior  to  fatigue  testing,  the  fracture  surface  (Figure 

128)  wus  similar  to  that  of  the  hydrogen-embrittled 
T-l  plate  specimen  (Figure  S4), except  for  the  presence 
of  large  facets  on  one  side  of  the  wold  fracture  surface. 
The  fatigue  regions  consisted  of  numerous  small 
craters,  many  of  which  contained  microcracks  (Figure 

129) .  Fatigue  striations  with  multiple  orientations 
(Figure  130)  were  present  on  the  fracture  surface 
around  the  craters.  There  was  evidence  of  crater 
formation  even  in  tire  central  region  where  failure 
occurred  by  dimple  rupture  and  microvoid  coalescence 
(Figure  131). 

Temper-embrittling  an  AX-110  weld  fatigue  spec- 
imen prior  to  testing  produced  (he  fracture  surface 


Figure  150  shows  the  fracture  surface  of  a tensile 
specimen  containing  LOP  (Figure  ISt)  and  LOF 
(Figure  I S3).  The  failure  occurred  by  microvoid  coales- 
cence (Figure  i S3);whieh  defect  initiated  it  is  uncertain. 

Figure  1 54  shows  tire  tensile  fracture  surface  of  an 
AX-IIO  T-l  weldment  containing  porosity.  The 
interior  surface  of  a porosity  bubble  revealed  dendritic 
growth  patterns  and  grain  boundaries  (Figure  155). 
The  fracture  of  tire  wold  metal,  which  probably  initiated 
in  the  porosity  region,  occurred  by  microvoid  coales- 
cence (Figure  1 56). 

The  fracture  surface  resulting  from  fatigue  fracture 
of  an  AX-1 10  weldment  containing  LOP  is  shown  it; 
Figure  157.  Fracture  initiated  in  the  LOP  region  in  the 
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center  of  the  specimen.  Fatigue  striations  originating 
from  the  defect  were  fairly  well  developed  and  easily 
recognizable  (Figure  158).  Rapid  fracture  in  the  outer 
portion  of  the  specimen  was  by  dimple  rupture  (Figure 
159). 

The  fracture  surface  resulting  from  fatigue  failure  of 
a weldment  containing  porosity  is  shown  in  Figure 
160.  All  the  fatigue  regions  initiated  at  pores  (Figure 
161).  As  the  crack  propagated  through  the  specimen, 
the  fracture  mode  changed  from  fatigue  (Figure  162) 
to  dimple  rupture  (Figure  163). 

Hydrogen  embrittlement  affected  the  fracture  be- 
havior of  an  AX-110  weldment  containing  porosity 
the  same  way  it  affected  the  T-l  plate  and  sound  weld. 
Large  parabolic  contours  (later  confirmed  as  craters) 
pointing  toward  the  origin  of  fracture  were  apparent 
on  the  fracture  surface  of  an  AX-110  weldment  con- 
taining porosity  and  tested  in  fatigue  (Figure  164). 
Near  the  center  of  the  specimen,  the  craters  became 
more  circular  (Figure  165).  Failure  initiated  at  an  outer 
edge  of  the  specimen  (Figure  166).  When  the  propa- 
gating crack  reached  a critical  size,  catastrophic  failure 
by  dimplo  rupture  occurred  (Figure  167). 

Figure  168  shows  the  fracture  surface  resulting  from 
fatigue-failure  of  a temper-embrittled  AX-1 10  weldment 
containing  LOP,  Fatigue  initiated  from  the  central 
defect  (Figure  169)  and  the  outside  edge  of  the  spec- 
imen (Figure  170).  No  fatigue  striations  were  dis- 
cernible at  the  origin,  but  they  became  evident  as  the 
crack  advanced  through  tho  material  (Figure  171).  The 
peripheral  shear  lip,  whore  final  fracture  occurred, 
exhibited  elongated  dimples  (Figure  172). 

4 CONCLUSIONS 

1 . A-36  steel  was  found  to  be  susceptible  to  hydro- 
gen embrittlement,  which  caused  loss  In  ductility  and 
reduction  In  fatigue  life.  Tensile  failure  in  the  hydrogen- 
embrittled  specimens  occurred  mainly  by  dimple  rup- 
ture and  microvoid  coalescence,  resulting  in  tho  forma- 
tion of  elongated  or  cquisxcd  dimples.  The  fracture 
surface  o*'  the  hydrogen-embrittled  specimen  also 
contained  regions  of  quasi -cleavage. 

2.  A-36  steel  was  found  not  to  be  susceptible  to  the 


temper-embrittlement  heat  treatment  performed  in 
this  study. 

3.  The  effect  of  testing  temperature  on  theCharpy 
specimens  was  seen  in  a change  from  cleavage  fail- 
ure at  low  temperatures  to  dimple  rupture  at  room 
temperature. 

4.  The  fracture  surfaces  of  the  as-received  and 
temper-embrittled  T-l  (plate  and  weld)  tensile  samples 
were  identical.  Failure  in  each  case  occurred  by  dimple 
rupture  and  void  coalescence;  therefore,  the  fracture 
appearance  of  tensile  specimens  is  not  a dependable 
method  for  determining  temper-embrittlement. 

5.  The  effect  of  hydrogen  embrittlement  was  quite 
severe  in  quenched  and  tempered  martensitic  steels  (T-l 
and  HY-130)  tested  in  fatigue.  A significant  reduction 
in  fatigue  life  was  observed,  and  the  fatigue  regions 
were  found  to  contain  a dispersion  of  craters.  In  the 
hydrogen-embrittled  HY-130  and  weld  samples,  small 
fisheyes  which  were  believed  to  result  from  pockets 
of  entrapped  hydrogen  were  evident. 

6.  Subsurface  crack  nuclcation  appears  to  occur  in 
regions  where  a critical  combination  of  triaxial  stress 
and  hydrogen  concentration  exists,  Transverse  cracks, 
which  propagate  on  a plane  perpendicular  to  the  major 
stress  axis,  intersect  longitudinal  cracks  formed  at 
matrix-stringer  interfaces.  Subsequent  cycling  produces 
the  craters  on  tho  fracture  surface. 

7.  Nuclcation  and  propagation  of  subsurface  fatigue 
cracks  In  the  hydrogen-embrittled  samples  appear  to  be 
responsible  for  the  severe  reduction  in  futiguo  life. 

8.  When  fractured  in  fatigue,  the  temper-embrittled 
T-l  plate  and,  to  a lesser  oxtent,  T-l  wold  wore  suscep- 
tible to  lamellar  tearing. 

9.  HY-130  exhibited  a murkedly  Increased  suscep- 
tibility to  lamellar  tearing  when  temper-embrittled  and 
tested  in  tension  and  fatigue , 

10.  Fractures  of  defective  welds  originated  at  the 
internal  defect.  However,  when  these  specimens  were 
hydrogen-embrittled  prior  to  fatigue  testing,  failure 
also  originated  at  an  outside  lice  surface. 


Figure  1 . Equiaxed  dimples  containing  inclusions,  4250x. 


Figure  2,  Elongated  dimples,  37SGx. 
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F jgure  1 3.  Load-deflection  curves  for  A-36,  T- 1 , and  HY- 1 30  steel. 


Variation  in  absorbed  energy  for  A-3 6,  T-l , and  HY-1 30  steel  and  AX-1 10  weld  deposit 
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Figure  19.  Quasi-cleavage  facets  in  hydrogen-embrittled  A-36  stocl,  1 lOQx. 
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Figure  20.  Inclusion-nucleated  dimples  in  hydrogen-embrittled  A-36  steel,  2000x. 
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Figure  33.  Mixed  mode  failure  in  A-36Charpy  specimen  tested  at  -83  C,  lOOOx. 


Figure  41.  Microvoid  coalescence  interspersed  among  cleavage  facets 
in  central  region  of  A-36  Charpy  specimen  tested  at  room1  •' 
temperature,  lOOOx. 
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Figure  47.  Tensile  fracture  surface  of  temper-embrittled  steel,  8x. 


Figure  48.  Tensile  failure  of  tcmpcr-crobriitled  T-l  steel  by  dimple  rupture,  37Sx 


Figure  5 1 . Fatigue  stations  on  surface  of  T-l  fatigue  specimen,  IGOOx 


Figure  57.  Stereo  micrograph  of  fatigue  «>ne  in  hydrogen-embrittled  T-l 
steel,  SOOx. 


Figure  61.  Fracture  surface  of  temper-embrittled  T-l  plate  fatigue  specimen,  lOx. 
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Figure  63 
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Figure  62.  Transition  region  from  fatigue  to  tensile  overload  in  temper- 
embrittled  T-l  fatip'“’ v^mon,  35x. 


Figure  77.  Center  of  HY43Q  tensile  specimen,  ISOOx 


Figure  78.  lwi$?  of  HY-130  (ensile  specimen,  i600x. 
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Figure  113.  Failure  of  HY-130Charpy  specimen  tested  at  -18°C,  I600x. 
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Figure  114.  Fracture  surface  of  HY-130  Ulurpy  specimen  tested  at  room 
temperature,  8x. 
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Figure  121 . Small  cleavage  facets  located  in  fisheye,  4000x. 


Figure  122.  Fracture  surface  of  hydrogen -embrittled  AX-110  wold  speci- 
men away  from  fisheye,  1500x.  ; 
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Figure  123.  Tensile  fracture  surface  of  temper-embrittled  AX-110  weld 
specimen,  15x. 


Figure  124.  Tensile  failure  of  temper-embrittled  AX-1 10  weld  specimen  by 
dimple  rupture,  750x. 
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Figure  129.  Stereo  micrograph  of  fatigue  region  in  a hydrogen-embrittled 
AX-1 10  weld  specimen,  40x. 


Figure  130.  Fatigue  striations  on  surface  of  hydrogen-embrittled  AX-1 10 
weld  fatigue  specimen,  2000x. 
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Figure  133.  Fatigue  region  of  temper-embrittled  AX-1 10  weld  fracture 
surface,  375x. 


Figure  134.  Fatigue  solutions  on  fracture  surface  of  temper-embrittled 
AX-1 10  weld  fatigue  specimen,  1 SOOx. 


93 


Figure  141.  Failure  of  AX-110  weld  Chaipy  specimen  tested  at  *196°C 
by  cleavage,  4000x. 
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Figure  147.  Transition  region  on  tensilo  fracture  surface  of  AX-1 10  weld- 
ment, 19Q0x. 
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Figure  14K.  ttlongatcd  dimples  on  tensile  fracture  surface  of  AX-1 10 
wcldmcul,  4600k. 
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Figure  169.  Origin  of  failure  of  temper-embrittled  AX-110  weldment 
containing  LOP,  J400x. 
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Figure  170,  Secondary  origin  of  fatigue  failure  of  temper-embrittled  AX- 
1 10  weldment  containing  LOP,  70x. 
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Figure  171.  Fatigue  striations  on  fracture  surface  of  temper-embrittled 
AX-1 10  weldment  containing  LOP,  1400x. 


GLOSSARY 

crystal:  A solid  composed  of  atoms,  ions,  or  molecules 
arranged  in  a pattern  which  is  repetitive  in  three 
dimensions. 

crystallographic  plane:  A plane  which  is  formed  by  the 
atoms,  ions,  or  molecules  in  a crystal. 

grain:  An  individual  crystal  in  a polycrystalline  metal 
or  alloy. 

slip:  Plastic  deformation  by  the  irreversible  shear  dis- 
placement (translation)  of  one  part  of  a crystal 
relative  to  another  in  a definite  crystallographic 
direction  and  usually  on  a specific  crystallographic 
plane.  Sometimes  called  “glide.” 

slip  plane:  The  crystallographic  plane  in  which  slip 
occurs  in  a crystal, 

slip  system:  A specific  plane  and  direction  in  which  slip 
occurs.  Generally  the  slip  plane  is  the  plane  of 
greatest  atomic  density,  and  the  slip  direction  is 
the  closest -packed  direction  within  the  slip  piano. 
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